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TECHNICAL FIELD 



5 The present invention relates generally to power amplifiers and driving 

thereof, and in particular to composite power amplifier arrangements, 

BACKGROUND 

10 In many wireless communications systems, the power amplifiers (PA) in the 

transmitter are required to be veiy linear, in addition to being able to 
simultaneously amplify many radio channels (frequencies) spread across a 
wide bemdwidth. They also have to do this ejEBciently, in order to reduce 
power consaxmption, need for cooling and to increase the lifetime of the 

15 amplifiers. The linearity is required to be good since non-linear amplifiers 

would cause leakage of interfering s^al energy between the channels. 



20 



25 



3,0 



The amplitude probability density of a mix of sufficiently many independent 
radio frequency (RF) channels, or of a mxilti-user CDMA (Code Division 
Multiple Access) signal, tends to be close to a Rayleigh distribution having a 
large pcak-to-average power ratio. In order not to compress the waveform the 
amplifier must be operated with the average power backed off fiom the peak 
power of the amplifier. Since a conventional RF PA (Power Amplifier), 
especially class B, generally has an efiBciency proportional to its output 
amplitude, its average efBciency is veiy low for such signals. 

Several methods to increase the efficiency of the RF power amplifiers when 
transmitting signals with large amplitude variations have been proposed- 
Composite power amplifiers are common solutions. Two widely used 
methods are Chireix outphasing and the Doherty technique. Both of these 
well-known methods are emanating from the 1930's and are briefly 
presented in basic power amplifier literature, e.g, [IJ. In more recent years. 
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2003wiftfla2i^i6has proposed emother solutiDn sometimes referred to as PAMELA, 

In Chireix outphasixig, amplitude modulation is obtained by combining two 
5 phase-modixlated conslant-amplitiide si^rals thiw^h a combiner network 

(c.f. c.g. Pig. 1). The efiiciency of a Chirdx amplifier can have two peaks at 
different output volteg^, compared with one for a conventional class B 
amplifier. The location of the extra peak is selected by the design of the 
combining network. 



10 



The Doherty amplifier (c.f. c.g. Fig. 2) basically consists of two amplifying 
elements, where the first one operates lineaxly through the entire rax^e, 
while the second only operates during signal pealss. The efiiciency curve 
eidiibits an extra peak as compared with a conventional class B amplifier. 
15 The voltage of this csxtra peak is dcteitnined by the relative sizes of the 

^plifiers together with the output network. 

The PAMBLA technique (c.f. c.g. Fig 3) uses an uneven himiber of amplifiers 
coxmected to a load via impedance conv^sion circuits. The sum of the 
20 currents will goierate a voltage over Ihe load. The voltage on each amplifier 

is kept constant and as high as posablc, except possibly at very low output 
voltages. By selecting compensation reactances of pairs of amplifiers, an 
extra efficienqs^ peak (as compared with class B amplifiers) can be achieved 
at a chosen output voltage. 



25 
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SUMMARY 

Despite the relatively increased efOicicnc^ for such composite power amplifier 
arrangements, a general problem is that the dEfidLency is still to low for 
certain wireless communication Systran applications. 



An object of the present invention is to provide highly linear wideband power 
amplifier arrai^meiits and methods for driving them with improved 
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2003elftfe^(§r. A further object of the present invention is to provide such 
Hyyucfli»Bli6«*8^^*^^^'^ which are relatively easy to be txined to high 

efSciencies at predetermined output voltage amplitudes, 

5 The above objects are achieved by devices and methods according to the 

enclosed patent claims. In general words, a PAMELA-type of composite 
power amplifier is configured in such a way that a single power amplifier is 
operated at low output voltage amplitudes by prohibiting a pair of 
outphasing power amplifiers to produce any current. Preferably, at output 
10 voltage amplitudes above the maximum voltage of the sin^e power amplifier, 

the pair of outphasing power amplifiers is taken into opemtion providing 
currents phase shifted by substantially 180 degrees/ When also the 
outphasing power amplifiers reach their maximum voltages, an outphasing 
operation is performed. 

15 

The relative sizes of the power amplifiers can be selected in such a way that 
a first peak in the efficienqy curve occurs at the low-voltage side relative to a 
peak of an expected amplitude probability density. By a.dapting the sizes of 
compensation reactances of the power amplifiers in the pair, an additional 
20 peak can be achieved in the vicinity of the peak, but on the high voltage side, 

A high average efficiency is thus achieved. 

In applications where a high efficiency is required over a very wide output 
voltage interval, further extensions of the composite power amplifier can be 
25 used. The first power amplifier, operating alone at low output voltage 

: \' amplitudes, can be extended to a Doherty amplifier arrangement. 

; Furthermore, more than one pair of outphasing power amplifiers can be used, 

whereby one pair at a time is taken into operation, when successively 
increasing the output voltage amplitude. 



The present invention has several advantages compared to prior art The total 
efiSciency of a well-adapted composite power amplifier according to the present 
invention is higher than for other prior art arrangements having the same 
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of power amplifiers. Furthermore, in order to tailor the efficiency 
Hyvili^^HW^gSig&rding to different applicatxonSj the present invention presents easily 
adaptable parameters. Moreover, the present invention presents a flexible 
potential for extensions with additional power amplifiers, increasing the 
5 efficiency even further. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention, together with further objects and advantages thereof, may best 
10 be londerstood by making reference to the following description taken together 

with the accompansring drawings, in which: 

FIG, 1 is a block diagram of a Chireix composite power amplifier; 
FIG. 2 is a block diagram of a Doherty composite power amplifier; 
FIG. 3 is a block diagram of a prior-art PAMELA composite power 
IS amplifier; 

FIGS. 4a-d are phasor diagrams illustrating the operation of the composite 
amplifier of Fig. 3; 

FIG, 5 is a diagram illustrating total efficiency, output current and ou^ut 
voltage of amplifiers of Fig. 3 as a function of momentaiy total output voltage 
20 amplitude; 

FIG. 6 is a block diagram of an embodiment of a composite power 
amplifier acGording to Uhe present invention; 

FIGS. 7a-e are phasor diagrams iUustmting the operation of the composite 
amplifier of Fig. 6; 

V. FIGS. Sa-d are diagrams illustrating amplitudes and phases of output 

currents and voltages from the individual amplifiers of Fig. 6 as a ftanction of 
momentaiy total oulput voltage amplitude; 

FIG. 9 is a diagram illustrating the efficiency of the composite power 
amplifier of Fig* 6, as a function of momentaiy total output voltage amplitude; 

FIG. lO is a blodk diagram of anoUier embodiment of a composite power 
amplifier according to the present invention; 

PIG. 11 is a block diagram of yet anoHier embodiment of a composite 
power amplifier accoidin^ to the present invention; 
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FIGS. 12a-d are diagrams illustrating amplitudes and phases of output 
currents and voltages £rom ttie individual amplifiers of Fig. 11 as a fUnction of 
momentazy total output voltage amplitude; 

FIG. 13 is a diagram illustrating the efficiency of the composite power 
amplifier of Fig. H, as a function of momentary total output voltage 
amplitude;* and 

FIG. 14 is a flow diagram illustrating an embodiment of a . method 
according to the present invention. 



DETAILED DESCRIPTION 



It invention is mainly based on the arrangement principles of a 
PAMELA amplifier system, but have also some similarities with Chireix and 
Doherty systems. In order discuss these similarities and to emphasise the 
fxmdamental differences with prior art composite power amplifiers, pure 
Chireix, Doherty and PAMELA arrangements will first be discussed 
somewhat more in detail. 
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A typical Chirebc amplifier 10 arrangement is illustrated in Fig, 1. The. term 
20 "outphasing", which is the key method in Chereix amplifiers 10, generally 

means a method of obtaining amplitude modulation by combining several 
(genially two) phase-modulated constant-amplitude signals. A signal input 
5 is connected to two power amplifiers 1 via a control network 7. The control 
network 7 of a Chireix amplifier 10 typically comprises a signal component 
25 separator 15, producing the phase^modulated constant-amplitude signals 

mentioned above. These signals are upconverted in mixer filters 16, 17, 
before being amplified in the power amplifiers 1. A combiner network 8 
:': combines the individual amplified signals into an output signal, provided to 

a load output 9, in this example connected to an antexma 19. The phases of 
3q these constant-amplitude si®aals are chosen so ttxat the resialt from their 

vector-summation in the Chireix combiner network 6 yields the desired 
amplitude. All amplitudes firom zero to full amplitude, as well as negative 
amplitudes, can be obtained in this way 
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The name Chircix is usually connected with the use of a non-dissipative 
output combiner network, otherwise the name LINC (Linear amplification 
with Non-Knear Components) is used. A nonniissipative network is generally 
5 a requirement for high-efficiency operation. 

In a recently pubUshed US patent application 13], an implementation 
variation of a Chireix arrangement is disclosed. Here, compensation 
reactances, typically used in Chireix arrangements, are replaced with 
10 lOTgthened and shortened transmission lines. 

It is also possible, however, not yet pubUcfy known, to build multi-stage 
Chireix sjrstems with any even number of constituent amplifiers. This 
technique gives one extm efficiency peak per amplifier, and tihus a hij^er 
15 total efficiency. Advantages over Doherly solutions are better theoretical 

efficiency and that the amplifiers can have more even sizes. 

A Doherty amplifier arraxi^meht 20 is illustrated in Fig- 2. The Doherty 
amplifier 20 comprises in a basic design two power amplifiers 21, 22. The 
20 first power amplifier 21 opersates mainly linearly throu^ the entire output 

voltage amplitude ran^. The second one 22 operates only during signal 
peaks. An impedance inverter 23 in the form of a quarter-wave transmission 
line on the output of the first power amplifier 21, transforms the load into a 
higher value, making the voltage on the first power amplifier 21 hi^ (and 
25 the current low). In order to keep the first power amplifier 21 from saturating 

: \* and to keep the output linear, the second power amplifier 22 injects a 

: current during signal peaks. This current is transformed by the quarter wave 

transmission Une to a voltage at the first power amplifier 21. This voltage is 
in anti-phase with the original voltage arising fcom current from the first 
ijtf power amplifier 21. The injected current is highly non-linear but Is ideally 

not seen on tiie output, again because of the quarter-wave transmission line. 
An input transmission Knc 24 serves to make the phase of the second power 
amplifier 22 correct. 
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Muwe|^n^^|j|n^Q^^^^ way of generating the drive signals for a Dohcrty amplifier 
is the way shown in Fig. 2, where the second power amplifier 22 is biased in 
class C to keep it from generating any current at low levels. Another method 
5 disclosed in (4] uses separate generation of signals to the first and second 

power amplifiers 21, 22 in a control network, giving better control and 
possitnlities to compensate for non^ideal networks. 

The efficiency curve exhibits an extra peak. The voltage where this peak 
10 occurs is mainlty deterxnined by the relative sizes of Hie power amplifiers 21, 

22 and can not be moved by changes in the output network for a ^ven 
mn-^Tr mm output power. The Doherly technique can also be extended to 
three or more amplifiers, which gives more peaks in the efficientgr cxJive, see 
e.g.l5l. 

15 

One further possibility, t>a8ed on the Doherty principle, but not yet publicly 
known, is to replace the individual amplifiers in the Doherty system with 
larger amplifier structures, such as e-g. Chireix amplifiers. This makes it 
possible to bxdid very advanced systems, with the common attribute that 
20 th^ all have a single peak amplifier as a last stage, i.e. operating at the 

bi^est output voltages. 

A PAMELA amplifier system 30 is illustrated by Fig- 3, and uses several 
amplifiers 31-33 in a configuration that is somewhat similar to the one used 
25 in the Chireix technique. The number of amplifiers 31-33 is at least three 

* and imevcn. In Fig. 3, a system using three amplifiers is illustrated. 

The amplifiers 31-33 are connected to the common signal input 5 via the 
control network 7, The outputs of the power amplifiers 31-33 are connected 
to a common load output 9 via a combiner network 8. This combiner 
network 8 comprises in the PAMELA configuration a respective impedance 
conversion circuit 34-36 between the output of each power amplifier 31-33 
and the common load output 9. The power amplifiers 32 and 33 constitute a 
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power amplifier pair 39, which is operated in close cooperation. The 
HyvytWig^JJ^^ conversion circuits 34-36 comprise a quarter-wave transmission 
line 37 each, Le. an impedance inverter. The impedance inverters 35-36 
further comprise compensation reactances 38, which have the same 
5 absolute magnitude, but of opposite signs. 

The voltages present on the amplifiers will be converted to currents by the 
impedance inverters. These currents will sum at the common output and 
generate a voltage over the load, in this case an antetma 19. The voltage on 

10 each amplifier is in a basic embodiment tospt constant and as hi^ as 

possible, and the output amplitude is regulated by adjusting the phases of 
the three amplifier voltages. This is schematically illustrated by Pig. 4a-c. 
Fig. 4a shows ttie amplifier voltage phasors for zero output amplitude. Fig, 
4b shows the amplifier voltage phasors for medium output amplitude and 

15 Fig. 4c shows the amplifier voltage phasors for maximum output amplitude. 

By selecting the compensation reactances 38 correctly, it is possible to get 
an extra efBciency peak at a predetermined output voltage. 

It is also possible to drive the amplifiers as ordinaiy linear amplifiers below a 
20 certain point, somewhere below the effidiency peak, to obtain better 

efficiency than with pure outphasing operation over the entire voltage range. 
Fig. 4d illustrates the amplifier voltage phasors for a low output amplitude in 
. case of such a modified operation. 

25 Fig. 5 illustrates efficiency lOl versus output voltage for a typical PAMELA 

: \- amplifier arrangement. The efficiency curve 101 exhibits one extra peak 102 

: comp£u-ed to a single pure class B amplifier^ The diagram in Fig. 5 also 

illustrates the sum of the amplitudes of the normalised amplifier currents 
103 and voltages 104 of the three amplifiers^ Below the output voltage U2, 
the volts^es on the three amplifiers are increased, until reaching the 
maximum voltages at U2. Above this output volts^e, the actual outphasing 
mechanism starts, i.e. keeping the voltages constant at their ma x imum on 
all power amplifiers, while changing their relative phases. 
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The differences between the PAMELA amplifier structure on one hand and 
the Doherty or Chireix structures on the other hand become obvious by 
comparing Figs. 1, 2 and 3. In the PAMELA structure, each amplifier is 
5 connected to the output by an impedance conversion circuit, while the 

"peak" amplifier in a Doherty structure always has* to be connected directly 
to the output. This is also true for combinations between Doherty and 
Chireix structures. In a Chireix structure, all amplifiers are associated in 
pairs, which are operated at opposite phasor ax^es. which means that a 

10 Chireix structure always has to involve an even number of amplifiers. 

Fig. 6 illustrates a composite power amplifier 40 according to an 
embodiment of the present invention. A common signal input 5 is connected 
to inputs of three power amplifier entities 51-53 via a control network 50. 

15 The properties of iiie control network 50 will be discussed in more detail 

further below* The power amplifier entities 51-53 comprise in this 
embodiment one power amplifier 41-43 each. The outputs of the power 
amplifier entities 51-53 are connected via a combfaier . network 8 to a 
common load output 9, in turn connected to a load, in this CTobodiment an 

20 antenna 19. The combiner network 8 comprises one impedance conversion 

circuit 34-36 between the output of each power amplifier entity 51-53 and 
the common load output 9. The power amplifier entities 52 and 53 are 
associated with each other in a power amplifier entity pair 49 and are 
operated in cooperation, as discussed in detail further below. 

25 . . 

i ' J The impedance conversion circuit 34 comprises an impedance inverter in the 

I form of a quarter-wave transmission line 37. The impedance conversion 

circuit 35 comprises a shortened (-5) transmission line 47, according to the 
ideas presented in [3]. Similarty, the impedance conversion circuit 36 
id comprises a lengthened (+5) transmission line 48. These near-quarter-wavc 

' transmission lines 47, 48 have basically the same effect as the introduction 

11 of lumped elements, e.g- capacitors and inductors, and are examples of 
y compensation elements. In another embodiments, the hear-quarter-wave 
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transndssion lines 47, 48 could be substituted by quarter-wave Iransnussion 

Ks 37 and lumped elements, or any combination thereof. 

The most important parts of the present invention are imbedded in the 
5 control network 50, and are best described by their corresponding 

functionality. The control network 50 comprises means 99 for determining a 
momentaiy ampHtude of an input agnal. This momentary input signal 
ampHtude is in a typical case proportional to the desired momentaiy output 
voltage ampUtude to be delivered by the conq)oeite power amplifier. At least 
10 there is an one-to-one assodation between an input signal amplitude and a 

corresponding output voltage amplitude. This means that by knowing one of 
the quantities, the other is also Imown, Depending on this momentary input 
signal ampUtude or the corresponding momentaiy output voltage amplitude, 
the control network 50 operates the aOftpliHer arrangement in different 
15 mamiCTS. The actual implementation of tlie control network 50 can then be 

made according to conventional analogue or d^tal techniques. In order to 
visualise the functkmaUties of the control network SO, let us follow an input 
signal that starts from zero and subsequently uicreases up to the maximum 
amplitude. Voltage phasor diagrams of difBerent situations are illustrated in 
20 Figs. 7a-e. 

At low momentary input signal ampUtudes, which also impUes low output 
voltage ampUtudes, the control network 50 operates the power ampliSer 
entity 51 as a single operating Unear power ampUfier entity. This means that 
25 tiie control network 50 dbomltaneously prolubits the power amplifier entities 

r-*: 52, 53 of the power ampUfier entity pair 49 to deUver any current at all. This 

: can be performed by e.g. biasing the power amplifiers 42, 43 in class C, or by 

: :": providing a zero input signal to the power amplifier entities 52, 53. The 
power amplifier entity 51 deUvers a Unear current that shows up as a voltage 
at the common load output 9. One effect of the quarter-wave transmission 
Une 37 is to transform the load into some hi^er impedance, making the 
voltage at the power ampUfier entity 51 rise qviiddy. A corresponding phasor 
situation is illustrated in Fig. 7a, where only the component 151 of power 
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2003 -O&^ilicr entity 51 contributes to the output power. Components 152 and 
Myvwc!f«wt-sS»ff6m the power amplifier entities 52 and 53, respectively, do not 
contribute to the oul3>ut power. 

5 When the voltage at the power amplifier cntily 51 has reached its maximum, 

the efficiency of this power amplifier entity 51 is also at a maximum. A 
coixesponding phasor situation is iUustrated in Fig. 7b, where the 
component 151 has reached its maximum length. 

10 When increasing the signal fiuther, power ampUfier entities 52 and 53 also 

start delivering current The delivered currents have a constant phase 
difference of 180 deerees to each other and a phase difiterence of 90 degrees 
to the current of power amplifier entity 51. The effect of the currents from 
the power amplifier enUties 52 and 53 is to keep the voltage on the power 

15 amplifier entity 51 ifrom rising, i-e. keejring the power amplifier entity 51 

fiom saturating, so it can continue to deliver more current. A corresponding 
Phaser situation is illiistrated in Fig. 7c, where components 152 and 153 of 
the power ^onplificr entities 52 and S3, respectively, becomes contributing. 

20 At some point, also the voltages on the power amplifier entities 52 and 53 also 

reaches the maximum. A corresponding phasor situation is iUustrated in Fig. 
7d, where components 152 and 153 have reached maximimi length. The 
angles ±A of components ISiZ and 153 are results of the compensation 
reactance means, corresponding e.g. to any wavelength chan^ ±S. 



25 



From this point, the power amplifier entities 52 and 53 operate in an 
' :* ou^hasing mode, according to a traditional PAMELA arrangement, i.e. with 

. constant voltage but varyhig angle. The power amplifier entity 51 continues 

y.'. to defiver linear current. A corresponding phasor situation is illustrated in 
3^. Fig. 7e. where components 152 and 153 have changed relative angles. At 
maximum output voltage ampUtude, the situation is the same as previously 
described in connection with Fig. 4c. 
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A33gone skaied in the art realises that there axe large similarities between the 

HUWiftttW^^JJJ^ PAMELA amplifier and certain embodiments of the present 

invention- In fact, by replacing the PAMELA control network 7 with a control 

network operating according to the control network SO of Fig, 6, and 

5 adjusting certain component values, the amplifier arrangement of Fig* 3 can 

be used according to the present invention. However, anyone skiUed in the 

art also realises that the functionality of the different control networks is so 

different that the appearance of the entire amplifier arrangement changes 

radically thereby- 



10 



In order to further inorease the possibSilies to understand the operation 
according to the piwent invention, it is instructive to follow the amplitudes 
and phases of the outputs of the different amplifier entities corresponding to 
different output voltage amplitudes. Figs. 8a and 8b shows the amplitude 

15 and phase of the currents delivered by the three amplifiers, while Pig, 8c and 

8d shows the resulting voltages (amplitude and phase) at the power amplifier 
entity nodes. Curve 301 represents the current firom power amplifier entity 
51, curve 302 represents the current fi:t)m power amplifier entity 52 and 
curve 303 represents the current from power amplifier entity 53, Curve 311 

20 represents the output voltage from power amplifier entity 51, curve 312 

represents the output voltage from power amplifier entity 52, curve 313 
represents the current from power amplifier entity 53 and curve 320 
represents the total output voltage. 

25 A first output voltage amplitude region is present between ^ro output volt^e 

and a first predetermined output voltage amplitude Ul. In this iange> the 

• * « 

■ conrent from power amplifier entities 52 and 53 are equal to zero. The 

\^ current from power amplifier entity 51 instead increase linearly, as seen in 

:[:[ Fig, 8a and with a constant phase, see Fig. 8b. Also the voltage on the power 
j3 d^ amplifier entity 51 output increases linearly (Fig. 8c) and with a constant 
\:\ \ phase (Fig, 8d), At Ul, the voltage over power ampMer entity 51 has reached 
its maximum of the hnear region. The output voltages of power amplifier 
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^^^^ entities, 52 and 53 also increases Hnearly, but sijsce no current is delivered, 
there wiU be no resvUting output power. 

When -maximum" voltages of amplifier entities or amplifiers are discussed, 
S this refers to the maximum voltage of a linear r^on- In a typical case, it is 

indeed possible to increase the voltage or current even ftorther, which will 
result in an increased output signaL However, the output signal will then no 
longer be linear with respect to the input signal. The maximum linear output 
voltage amplitude is tlius to be considered as the break point between a 
10 linear amplification and a non-linear amplification. Above the maximum 

linear output voltage, a heavy distortion is typicaJty provided. 

It is also possible to position Ul bdow the maximum voltage of the power 
amplifier entity 51. K Ul is set to zero, a prior-art PAMELA arrangement will 
15 result. However, for efficiency reasons, it is according to the present 

. invention preferred to set Ul substantially at the inaximxmi voltage of the 
power amplifier entity 51 , or at least to a non-ncgligibic value. 

A second output voltage amplitude region is present between the first 
20 predetermined output voltage amplitude Ul and a second predetermined 

ou^ut voltage amplitude U2. In this re^on, tixe current fix>m power amplifier 
entities 52 and 53 increase linearly at substantially 180 degrees phase 
difference, ±90 degrees compared with the phase of the current from the 
power amplifier entity 51. These currents, as mentioned above, prohibits the 
25 power amplifier entity 51 from satijrating, and the power amplifier entity 51 

continues its linear increase of current. The voltages at the power amplifier 
■ /* entities 52 and 53 outputs have been increasing linearly since start, 

'.^ However, the phases of the voltages of the power amplifier entities 52 and 

y.'. 53, which have been constant at 180 degrees difference to eadi oth^ during 

Isi. the first re^on starts now to vary. This variation is made in opposite 

: directions and coordinated with each other so that tha power amplifier 
.^•i entitieQ 52 and 53 operates as a pair. 
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HixMkSfi&)ia^^ the voltages over the power amplifier entities 52 and S3 has 
reached their maximum values. The U2 voltage is a maximum linear output 
voltage that can be achieved with the first, second and third amplifier entities 
51-53 when the second and third amplifier entities 52, S3 deliver current with 
5 substantially 180 degrees phase difference. In Fig. 8a, a broken line 304 

defines a linearly increasing current function between voltages from zero to 
U2. The current of this ftmction is zero at zero output voltage and a 
mirubnaum required current 12 at a momentaxy output voltage amplitude equal 
to U2. AccOTding to the present invention, the currents fix>m the second and 

1 0 third power amplifier entities 52, 53 are restricted to be lower than the current 

function 304 at least for a part of the voltage interval tap to U2. Prefembljr, this 
restriction goes substantial^ aU the way up to U2, as is indicated in F^- 8a. 
Furthermore, in a preferred embodiment, the output currents from the second 
and third power amplifier wtities S2, 53 are essentially zero below Ul, Such a 

15 current restriction will give rise to an enhanced efEiciency. 

A third output voltage amplitude region is present above the second 
predetermined output voltage amplitude U2 up to the maximum output 
voltage. In tixis range, the power amplifier entity 51 continues its linear 
20 increase in delivered current and at maximum voltage. The power amplifier 

entities 52 and 53 are operated at maximum voltage, but the phases of the 
delivered currents are now allowed to vary, according to a typical putphasing 
mode operation. Finally, at the maximum output voltage, all amplifiers are 
cooperating, giving signals in phase at the common load output The 
25 remaining voltage and ctirrent phase of the power amplifier entities 52 and 53 

rr. at the maximimi output voltage simply corresponds to the value of the 5. 

.J*: In Fig, 9, an efficiency curve 330 of the system described in Pig. 6 and Fig. 

8a-d is illustrated. In the first output volt^e amplitude region, the efficiency 

•356: increases linearly, since only one power amplifier entity 51 is actively 

producing current- At Ul, the cfficienqy reaches its maximum, 0.78 
corresponding to a class B amplifier at maximum voltage, since the power 

r-*: amplifier entity 51 operates at maximum voltage and in phase with the 
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2003 "Ofei^&t. other values for the maximuin efficiency are achieved if the power 
MimiiflitMkXlilflbrs are of other types, e-g. biased in class A or C, The position of the 
Curat efficiency peak coincides with :the Ul position, which in turn is 
dependent on the transmission line impedances and the amplifiers relative 
5 size. In the embodiment presented in Mgs. 7-9, Ul was cbosen to be at 0.2 

of the maximum amplitude, which means that the transmission Bile should 
transform the load 5 times the optinial leadline impedance for the power 
amplifier entity 51. It also means that power amplifier entities 52 and 53 
each will deliver twice as much power as power amplifier entity 51 at 
10 maximum output amplitude. 

The siae erf the power amplifier entity 51, i.e. a maximvizn output power from 
the amplifier entity P^, can be determined from the output voltage 
amplitude V,,, corresponding to an intended efficiency maximum, i.e. here 

f • 

15 equal to Ul by the simple relation: 

V 

' pnax pntaK 

*0 ' yvax » ■ 

out 

where P^"" is a total maximiun output power of the entire composite power 
20 amplifier and V;^ is a total maximum output voltage of the entire composite 

. power amplifier. 

In the beginning of the second output voltage amplitude region, the total 
efficiency drops somewhat, due to the fact that the power amplifier entities 52 
25** and 53 operates below their maximum :voltage and furthermore that there is 
\ a phase difference between the output voltage and delivered current. 

Towards the end of the second output voltage amplitude region, the output 
voltages of the power amplifier entities 52 and 53 comes close to the 
maximum voltage. However, since the; phase between voltage and ciarrent 
ko? still differs, the efficiency at U2 is not the maxLmxam one. 



t m • 
» « » 
» • • P 
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2009 -09- W^^^ ^g^der notices that the second maximum of the efficiency curve of 
HWUlitownl^^en^ appears at an output voltage Up, somewhat inside the third output 
voltage amplitude re^on. TThis maximum occurs when the changed current 
phase during the outphawng mode has reached the same phase as for the 
5 voltage, c.f. PHp in Fig. 8b and 8d. The efficiency peak portion Up is closely 

related to the U2 position. These positions are possible to adjust hy varying 
the parametCT 5. A larger 6 will give an earlier peak position, i.e. a lower value 
of Up and U2. A smaller S moves the peak and the transition point to tiie right 
in the diagram. In the present embodiment 6 was chosen to be 0.07X. 



10 
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20 
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The dip in efficiency between Up and the maximum output voltage is 
explained by the phase diffcirence between voltage and current of the power 
amplifier entities 52 and 53. Not until the maximum output voltage, the 
phases coincide again and a third efficiency peak is therefore present at 
zn^oinium output voltage. 

In the backgnnmd, it was concluded that a typical ampUtude probability 
density for multi-BiF applications is close to a Raylei^ distribution. The 
overall efficiency of an amplifier arrangement is in principle the integral of 
the product of the amplitude probabiHly density and the efficiency curve. It 
is thus important to design the amplifier according to the intended use. In 
the above discussion, it » seen that by adiustzag the sizes of tlje power 
amplifiers and tihe design of the comMner networic, the peaks in the 
. efficiency curve can be modified. In one prefierred embodiment, the first 
. efficiency peak appears close to but somewhat below the amplitude 
probabiliQr density maximum. Similarly, the second efiSciency peak is 
prefembl^ positioned slight^ above the amplitude probability density 
maximum. In anotiier preferred . embodiment, the first efficiency peak 
appears dose to but somewhat below the expected output voltage value and 
the second ^dency peak is preferably positioned sUghtiby above the 
expected output voltage value. 



^ PATEin^VERKET 11019 

+46 18 153050 ' * 



17 



2003 -0&c5o&lirxg to title relation presented above, the first power amplifier entity 
Hyv«df«<S*H«*i^to^ selected according to: 



10 



where Vj,^ is the volt^e amplitude corresponding to the amplitude 
probability density maximiun, lie expected voltage value or any other 
quantity connected to the hig^-probabifiiy part of the amplitude probability 
density function for the actual apiilication. 



As mentioned before, the above /described einbodiment is based on a 3- 
amplifier PAMEIA-like structure, however, arranged to operate in a different 
fashion. The present invention can, however, be extended in different 
aspects* Fig. 10 illustrates an embodiment of the present invention based on 

15 five amplifiers- Compared with Fig. 7, the amplifier aixangement of Fig. 10 

has an extra power amplifier ehtity pair 59, comprising power amplifier 
entities 54 and 55, in turn comprising power amplifiers 56 and 57. The 
combiner network 8 comprises impedance conversion circuits 34-36, 64, 65, 
one for each of the power amplifier entities 51-55. In this embodiment, all 

20 impedance conversion circuits 34-36, 64, 65 includes an impedance mverter 

in the form of a quarter-wave transmission line 37 each. In order to produce 
the phase shifts of the power amplifier entity pairs 49, 59, compensation 
elements in the form of reactances 60-63 are included together within the 
impedance conversion circuits. The compensation reactances 60 and 61 
have equal absolute size but opposite signs, and the compensation 

• / reactances 62 and 63 also have equal absolute size but opposite signs. The 

reactances 62 and 63, however, have generally a different size compared 

* * « 

r; with the reactances 60 and 61. 



When operating the amplifier arrarigement of Fig. 10, the control network 50 
is arranged to use only the power* amplifier entity 51 for the lowest output 
amplitudes, just as in previous embodiments. When the maximum voltage is 
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"°^eacLd for this power ampUfier entity 51. the first power amplifier entity 
Huyucite«npg«« ^^^^^ ^3^. ^ first region, the voltagp is increased up to fixe 
maximum voltage of the power ampUfier entities 52 and 53. and then an 
outphasing mode continues. At even higgler output voltage amplitudes, Uxe 
5 second power amplifier entity P^ .S9 comes into operation. The output 

voltage over power amplifier entities 56 and 57 is increased, and when they 
reach their maamum values, another ouH>hasing procedure starts. 

In this manner, it is possible to extend the prtsent invention fiirther by 
10 adding extra pairs of power ampKfier entities, driven in a Chireix-Hke 

manner. One pafa- at a time is taken mto operation, and the outphasing 
mode of each pair occurs in different output voltage regions. The 
compensation reactances in the pairs, or similar compensation reactance 
means having the same basic ftoction. are adjusted to order to give suitable 

15 transition pwnts between the ditfetent operational phases of the amplifier 

arrangement. 

Also other extensions of the present invention are possible to perform. In Fig. 
U, another embodiment of a composite power amplifier according to the 
20 present invention is illustiated. Also this embodiment has two pairs of 

Chirebc-type power amplifiers entities 49, 59, which are operated in a similar 
manner as described before. In tJus embodiment, however, the compensation 
leactancc means comprises shortened and lengthened transmission lines to 
gfcvc difierent phase shifts for the different pairs. 

25 

In Fig. H, the first poviw amplifier enti^ 51 comprises an entire Doherty 
' :' amplifier arrangement instead of a single power amplifier. A main power 

i amplifier 70 of the first power amplifier entity 51 is used at the lowest output 

voltages to give a linear output via a quarter-wave transmission line 37. A 
isb peak amplifier 71 is used at somewhat higher output voltages to provide 

assMtancc according to normal Doherty operation. 
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2003 "OSftJlperation of the composite pbwer amplifier according to Fig. 11 can be 

H«w«lte«»ia»»ftted by amplifier voltage and cuirent diagrams shown in Rgs. 12a-d. 
These diagrams are drawn in the same manner as Figs. 8a-d. Curve 306 
represents the current from powiir amplifier 70, curve 307 represents the 

5 current from power amplifier 71, curve 302 represents the current from 

power amplifia- entity 52, curve 303 . represents the current from power 
amplifier entity 53, curve 304 represents the current from power amplifier 
entity 54 and curve 305 represents the current from power amplifier entity 
55. Similarly, curve 316 represents the output voltage from power amplifier 

Lo 70, curve 317 represents the ou^t voltage from power amplifier 71, curve 

3 12 represents the output voltage fiwm povwjr amplifier entity 52, curve 313 
represents the current from powe^ amplifier entity 53, curve 314 represents 
the output voltage from power amplifier entity 54, curve 315 represents the 
current from power amplifier entity SS and curve 320 represents the total 

15 output voltage. 

Here, one notices that the main amplifier of the Doherty arrangement 
operates at its own at the lowest output voltages. At a transition point Ud. 
the peak amplifier of the Dohcrtjr arrangement starts to operate. At Ul, the 
20 Doherty arrangement has reached its maximum operation and the first 

Chireix pair 49 comes into operation; first by increasing the voltages over the 
power ^plifier entities, and abovfe U2 by outphasing operations. At U3, the 
second Chireix pair 59 comes into operation and at U4, the second Chiieix 
pair 59 starts its outphasing oper&tidn. 



25 



30 



Fig. 13 illustrates a corresponding efficiency curve. One here notices that an 
additional peak appears at the low output voltage side of the previously 
appearing top at Ul. This extira peak has its origin in the Doherty 
arrangement and coincides with the maximum voltage operation of power 
amplifier 70. The first Chireix peak appears at Upl, situated somewhat on 
the high output voltage side of U2, and is connected with the onset of the 
outphasing of the first Chiieix-pair 49, The maximum operation of the first 
Chirefac pair corresponds to the peak at U3. Another peak appears at Up2, 
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2003 ^09cl2s§ to U4. and is connected to liie 6nset of the outphasing operation of the 
HavuiWWii^ttm* Chireix pair 59. 

The positions of the peaks can be tailored to suit the actual application by 
5 adapting the sizes of the poweij amplifiers and the values of the 

compensating elements used in the; combiner network. In such a way, an 
extremely efficient composite powfer abiplifier can be constructed. 

Anyone skilled in the art realises thai ttie amplifier structure proposed in the 
10 present invention can be ftjuther Wtended in diflferent ways. More Chir^ 

pairs can be added and Doherty arrangements can be used in the first power 
amplifier entity. Furthermore, siich Doherty arrangements may also be 
extended to comprise more than one peak amplifier. 

15 Fig. 14 xltustrates the mains steps of an embodiment of a method of driving a 

composite power amplifier accor<Uickg jto the present inventioii- The procedure 
starts in step 200. In step 202, a momentary amplitude of an input signal of 
the signal input is determined. A conesponding output voltage amplitude is 
easily found, ^jncally through a Iprdportional rdaticm. if> in step 204, it is 

20 concluded that the momentary oti^^t voltage amplitude is situated within a 

first output voltage amplitude region,ithe flow continues to stqp 206. The firat 
output voltage amplitude re^on comprises all amplitudes below a non-zero, 
first predetermined output voltage iamplitude. In step 206, a first power 
amplifier entity is driven by the injpfut signal. In step 208, a second and third 

25 amplifier entity is instead prohibited tb deliver any current. The flow continues 

r.-. to step 218. 

• If, in step 204, it is concluded that.l^d mcnnentary output voltage amplitude is 

jV: not situated within the first output voltage amplitude region, the flow 

: 3t} continues to step 210, where the fir^t power amplifier entity is driven at its 

maximum output voltage. If, in step 212, it is concluded that the momentary 
output voltage amplitude is situated within a second output voltage amplitude 
r*': reg^>n, the flow continues to step 214. The second output voltage amplitude 
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2003 -09- 2j|gion comprises all ampUtudes" b^een the first predetermined output 
Huyudla,»nKa-oitage amplitude and a second predetermined output voltage amplitude. In 
step 214, the second and thini amplifier entities are driven to deliver current 
with 180 degrees phase difference. Th^ flow continues to step 218. 

5 ■ ■ •• 

If, in step 212, it is coniduded thatihk momentaiy ou^t voltage ampUtude is 
not situated within the second ouW voltage amjilitude region, the flow 
continues to step 216, whem the sea^nd and third ampUfier entities are driven 
in an outphasing mode. The flow con&iuBS to stqp 218. 
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20 



The procedure ends in step 218. Evenl if th^ procedure is described as a flow of 
steps, anyone stalled in the art urideratand that the steps are performed 
continuously, indicated the brokeii arrow 220. 

The main advantage of this invention, compared to prior art PAMELA 
ampUfiers, is that the efficiency is h^her. In the previous PAMELA systems, 
the amplifiers were not fWly utilis^i to increase efficiency, with onfy two 
efficiency peaks no matter how many ^^pBfiers were used. With the new drive 
method and device proposed, evei^ amplifier contributes with one extra 
efficiency peak, making the system^ comparable to multi-stage Doherty or 
Chiieix systms. The required drive p^wr is also decreased, because amplifier 
current is reduced. 

When compaxed to other multi-stag^ techniques, the present invention is a 
25 compleinent by making it possible to! add Dohcrty-like efficient 

all Ctureix-type effidenx^ peaks. 

It wiU be understood by those skilied ^ the art that various modifications and 
changes may be made to the pr^sWt invention without departure from the 
30 scope thereof, wbich is defined by tii^appended claims. 

RBFEiRBNCES 
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Hu^^ttttilrl driving a composite power amplifier (40) having a first 

power amplifier entity (51) and a firat power amplijSer entity pair (49), in turn 

5 including a second (52) and a third (53) power ampKfier entity, the first, 

second and ttnrd power amplifier entities (51-53) being connected to a 
common signal input (5) over a control network (50) and to a common load 
output (9) over a combiner network (8), the method comprising the steps of: 

determining a momentazy amplitude of an input signal of the signal 

10 input (5) and correlating the momentaiy input signal amplitude to a 

momentary output voll^Lge amplitude; and 

driving the first power amplifier entity (51) with the input s^nal, 
chaxas^erised by the fiirth^ step of: 

restricting the second and third jwwer ampliiSer entitiies (52, 53) at 

lb momentary output voltage amplitudes below a first output voltage amplitude 

to deliver less current than a linearly increasing current function d^ned by 
jsero cvirrMLt at aero momentaxy output vphag^ ampUtude and a minimvun 
required current (12) at a momentary output voltage amplitude equal to a 
maximxum linear output voltage (U2) that can be achieved with the first, 

20 second and third amplifier entities (51-53) when the second and third 

amplifier entities (52. S3) deliver current with substanliafly 180 decrees phase 
difference; 

the first output volts^e amplitude hemg larger than zero but less or 
equal to the maximum linear output voltage (U2) that can be achieved with 
25 the first, second and third amplifier entities (51-53)- 

: 2. The method according to claim 1, oiMuraetei*sed In that the first 

! :> output voltage amplitude is substantially equal to the maximxmi linear output 
voltage (U2). 



30: 



3. The method accenting to claim 1 or 2, characterised in that the 

restricting step comprises the step of prohibiting the second and third power 
amplifier entities (52, S3) firom . delivering any substantial current at 
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momcntaiy output voltage amplitudes below a secwid output voltage 

4. The method according to claim 1, 2 or 3, cliairaeterfsed In that the 
5 second oulput voltage ampKtude being subatantialfer equal to a maximum 

linear output voltage ampHtude (Ul) kchievaWc firom the first power amplifier 
entity (51) when driven alone. 

5, the method according to any of the claims 1 to 4, chaxaeteiised liy 
10 the further steps of: 

driving the first power amplifier entity (51) at substantially 
ma^miiTTi oulput voltage at momentaxy output voltage ampUtudes above the 
second oa^t voltage amplitude (Ul); and 

driving the second and ttiird amplifier entities (52, 53) to deliver 
1 5 current with substantially 180 degrees phase diflFerence at momentaiy output 

voltage amplitudes between the second output voltage ampUtude (Ul) and the 
first outputvoltage amplitude (U2) on the common load output (9) . 

6. The method according to! claim 5, chaiacteriaed in that the 

combiner network (8) in turn comprises a first, a second and a third 
impedance conversion circuit (3+.36), respectively, whereby the second and 
the thini impedance conversion drcuit (35, 36) have compensation elements 
(47, 48, 60, 61) having substantially the same absolute val\ac but of oppowte 
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7. The method according to cledm 5 or 6, cliaiact^cjaed by the fi^ 

* : stepo£ 

driving the second and third amplifier entities (52, 53) in an 
outphasing mode at momentaiy output voltage ampUtudes above the first 
:^t)t ou^tvrftage amplitude (U2). 



8. The method according to any of the claims 1 to 7, charaoterised in 

that the composite power amplifier has at least one further power amplifier 
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7Q03 -O^ia^gpair (59). whereby the method comprises the steps of taking each one of 
. ,^^fc.aLaeast one power amplifier entity pair (59) in use at respective third 
""^ ou^^voltage ampUtudes {U3) and dming &e at least one fiirttxer power 
amplifier enUty pair (59) so that they deliver no current below the respective 
; third output voltage amplitude (U3). 

9. The method accoiding to claim 8, cliamct»iised by the further ste^ 

of driving the at least one further power amplifier entity pair (59) to deliver 
current with substantial^ 180 degrees phase difference at momentaiy output 
3 voltage ampUtude? betwe^ the respective third oul^put voltage amplitude (U3) 

and a respective fourth output voltage ampKtude (U4) on the common load - 
ou^ut(9). 

10. The method according to claim 9. cbaiaolwrisea by the further step 
of driving the at least one ftarther power amplifier entity pair (59) in an 
outphaeing mode at mommtBty output v«dtagp amplitudes above the 
respective fourth output volt^e amplitude (U4). 

11. The method according to any of the dauns 1 to 8, chaxacteiised in 
that the first power amplifier entity (51) in turn comprises power amplifiers 
(70, 71) in a Doherty arrai^ent, whereby the step of driving the first power 
amplifier entity (51) at momentary ou^ut voltage ampHtudes below the second 

output voltage amplitude (Ul), in turn comprises driving the Doherty 
arrangement with the input signal of the signal input (5). 
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12. Coxnjwsibe power amplifier (40), comprising: 
:*'.' a first power amidifier entity (51); 

: a first power amplifier entity pair (49), in turn including a second 

(52) and a third (53) power amplifier entity; 
'^j5 a common signal input (5); 

Lf: a control network (50) connecting the common signal input (5) and 

the first, second and tiiird power amplifier entities (51-53); 
• • • . * a common load output (9); and 
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2003 "09- i a combiner network (8), connecting the first second and aaird power 
l^^j^yjjj^^^jfiEK entity (51-53), respective^, to the common load output (9) over at 
least one impedance conversion circuit (34-36); 

said control network (50) in turn compiising means for determinii^ 
5 a momentaiy amplitude of an input signal of the common s^poal input (5) and 

relating the momentaiy input dgnal amplitude to a momentary output voltage 
amplitude, 

ohaxastexised ia that the control netwoik (50) is ftirther arranged for 
restricting the second and third poww amplifier entities (^2, S3) at momentaxy 

10 output voltage amplitudes below a first output voltage amplitude to deliver 

less current than a linearty increasi«« cvirrait ftmction defined by aero 
current at zero momentaiy output voltage amplitude and a minimum required 
civrrent p2) at a momentaiy output voltage amplitude equal to a maximum 
linear output voltage (U2) that can be achieved vwith the first, second and third 

15 amplifier entities (51-53) when the second and third amplifier entities (52, 53) 

deliver current with substantially 180 degrees phase difG^ence; 

the first ou^t voltage amplitude being larger than zero but less or 
ccpjial to the ima^ff^nm linear output voltage {U2) that can be achieved with 
the first, second and third amplifier entities (51-53). 

20 

13. The method according to claim 12, characterised in that the first 
output voltage amplitude is substantial^ equal to the maximvun linear output 
voltage (U2). 

25 14. The composite power amplifier according to claim 12 or 13, 

cba>a«terlsed to that the control network (50) is arranged for prohibiting the 

• • B 

• / second and third power amplifier entities (52, 53) from delivering any 

substantial current at momentaiy output voltage amplitudes below a second 
output voltage amplitude on the comxnon load output (9) smaller than the first 

• * * 

aV. output voltage amplitude. 



15, The composite power amplifier according to claim 12, 13 or 14, 

chaiaoterised in that the second output voltage amplitude being 
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2003 -09"^®6^*^y eqxial to a maximum linear outpiat voltage amplitude (Ul) 

achievable from the first power ampfifiter entity (5 
nuvudfmn Kbtsan 

16. The composite xK>wer amplifier according to any of the daizzis 12 to 
5 15, characterised In that said first power amplifier entity (51) has a 

maximum output power selected according to: 

where is a total maximum outg>ut power of all jx)wer amplifier entities 
(51-55), is a maximum output voltage amplitude and Vp is an output 
10 voltage ampfitude corresponding to an intended eflBlciency xnaximimo^ 

17. The composite power amplifier according to any of the claims 12 to 
16, characterised in that the control network (50) is further arranged for 
driving the first power amplifier endt)^ (51) at substantially maximum output 

15 voltage at momentary output voltage amplitudes above the second output 

voltage amplitude (Ul) and for drivii:^ the second and third amplifier entities 
(52, S3) to deliver current with substantially 180 degrees phase difference at 
momentary output voltage amplitudes between the second output voltage 
amplitude (Ul) and the first output voltage amplitude (U2) on the common 

20 load output (9). 

18. The composite power amplifier according to claim 17, characterised 
in that said combiner network (8) in turn comprises a first, a second and a 
third impedance conversion circuit (34- 36). 



•as 



30 



19- The composite power amplifier according to claim 18, characterised 

in that the second and the third impedance conversion circuits (3S> 36) 
comprise compensation elements (47; 48, 60, 61) of substantially the same 
absolute value but of opposite sign. 

20. The composite power ampMer according to claim 19, characterised 

in that the compensation elements (47, 48, 60, 61) of the second and third 
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2003 -09-i 2,|,dance convcraion dicuits (35 36) are selected to place liie second 
IteWdtewl^teSffincy inaxiinum sli^Uy above the expected value of the output voltage 
amplitud.e. 

5 21. The composite power amplifier according to any of the cfaims 17 to 

20, ehanctesisad in that the contiol network (SO) is ftBrthcr arranged for 
driving the second and third amplifirif- entities (52, 53) in an outphasing mode 
at intended momentary output voltajge ampUtude responses above the first 
output voltage amplitude (U2). 



10 



22. The composite power amplifier according to any of the claims 12 to 
21, ehaiBotetised hy at least one fiather power amplifier cntiiy pair (59). 

23. The composite power aojplifier according to any of the claims 12 to 
IS 22, chaxactMsriaed in that the first power amplifier entity (51) in turn 

comprises power amplifiers (70, 71) in a Doherty arrangement. 
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"""^^TpSSiA-type of composite power, amplifier is configured in such a way 
that a single power amplifier is operated at low output voltagp amplitudes by 

5 pi^hibiting a pair of outphasing power amplifiers to produce any current. 

Preferably, at ou^ut voltage ampUtudes above the maximum voltagp of the 
single power amplifier is to be r^chcd, the pair of oiitphasing power 
amplifiers is taken into operation: providing curr^ts phase shifted by 
substantially 180 de^ees. When also the ou^hasing power amplifiers reach 

10 their maximum voltages, an outpha»ng operation is performed. 



(Fig. 8a) 
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